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ABSTRACT

Multi-stacked InAs/GaAs quantum dot (QD)
structures having various number of stacks were grown by
molecular beam epitaxy (MBE) on n+-GaAs substrate.
They were fabricated into Schottky barrier devices for
photovoltaic characterizations.  QDs at a slow growth rate
of 0.01 ML/s were chosen for all samples in the whole
experiment.  Current-voltage (I-V) curves under AM1
solar simulator were measured.  It was found that larger
number of QD stacks gives more short-circuit current.
Contribution to photovoltaic effects by multi-stacked InAs
QDs in these matrix materials was confirmed by spectral
response measurement, which shows that apart from the
sharp drop of photo-response at the band edge of GaAs
(~0.9 µm), spectral peak at 1.1-1.2 µm, corresponding to
quantized energy of InAs QDs, was observed from these
multi-stacked QDs samples.  Photocurrent measurement
was conducted at 1.1 µm wavelength by a band-pass
filtered light source to see the correlation between
photocurrent at this specific long wavelength and the QD
stack numbers.

1. INTRODUCTION

Self-assembled quantum dots (SA-QDs) are
intensively investigated for several device applications
[1-3] due to recent work on their improved dot quality and
dot controllability [4].  Defect-free QDs could provide
strong luminescence at room temperature [5] with
reasonable sharp spectrum, which stems from their nature
of quantized energy and high state density [6].  Therefore,
SA-QDs are proposed to be utilized in an active layer of
semiconductor lasers with very low threshold current
density [7, 8].  In a reverse action, we are investigating
that SA-QDs would be applicable for an active layer of
photovoltaic cells with theoretically expected high
efficiency [9].

We prepared InAs/GaAs SA-QDs by MBE technique
and fabricated them into Schottky devices for electrical
and optical characterizations.  Schottky structure was
selected in this work so that we could understand the
intrinsic property of SA-QDs, and preparation of the
samples with such a structure is simple as well. In
photovoltaic applications, the advantages of using SA-
QDs for photon absorption in the long wavelength part of
solar spectrum have been discussed [10].  Multi-stacked
Schottky QD solar cells with graded dot sizes were also
realized [11].

QD size is controlled by varying the MBE growth
rates.  The QD structure was investigated by atomic force
microscopy (AFM) and photoluminescence (PL)
spectroscopy.  The Schottky diodes incorporated with
multi-stacked QDs were then realized by gold (Au)

evaporation.  The photovoltaic effect is observed from
these QD devices by current-voltage characterization at
dark and under the AM1 solar simulator.

In this presentation, we fixed the QD size by using the
same growth rate during the whole experiment but varying
the number of stacks so as to observe the effectiveness of
QD stacks for increasing photon absorbing layer.  Short-
circuit currents, especially at 1.1-µm wavelength
corresponding to quantized energies of InAs QDs, were
reported and discussed for QD Schottky devices with
different stack numbers.

2. EXPERIMENTAL PROCEDURE

The samples were grown by solid-source MBE on n+

GaAs (001) substrates.  The doping concentration of the
substrate was about 5×1018 cm-3.  After desorbing the
oxide at 630 °C under As pressure, a 1.0-µm-thick GaAs
buffer layer was deposited at  610 °C.  The growth rate of
GaAs was 0.6 monolayer per second (ML/s).  During the
growth, the beam equivalent pressure of As4 source was
kept constantly at 1.0×10-5 mbar.  The samples were then
cooled down to 500 °C, which was previously calibrated
by reflection high-energy electron diffraction transition
from (2×4) to c(4×4) reconstruction of the GaAs surface.
A 1.8-ML InAs SA-QD layer was deposited at this
temperature. 0.01 ML/s InAs growth rate was used to
produce SA-QDs.  After finishing the growth of the QD
layer, a 100-nm thick GaAs barrier layer was capped
without growth interruption.  This growth process was
repeated to grow multi-stacked QD samples.  The number
of stacks was varied from 1, 2, 5 and 10.  Overall sample
structure is shown in Fig. 1.

After MBE growth, Au:Ge/Ni was deposited on the
substrate by blanket evaporation, after which the samples
were annealed in N2 flowing gas at 475 °C to form the
ohmic contact.  On the front side of the sample, 100-nm

Fig.1  Sample structure of multi-stacked QDs.



Report Documentation Page Form Approved
OMB No. 0704-0188

Public reporting burden for the collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and
maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information,
including suggestions for reducing this burden, to Washington Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson Davis Highway, Suite 1204, Arlington
VA 22202-4302. Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to a penalty for failing to comply with a collection of information if it
does not display a currently valid OMB control number. 

1. REPORT DATE 
05 SEP 2006 

2. REPORT TYPE 
Final Report (Technical) 

3. DATES COVERED 
  31-08-2002 to 18-06-2003  

4. TITLE AND SUBTITLE 
Basic Research on Self-Assembled Quantum Dots and Their Potential in
Solar Cells and Devices Applications 

5a. CONTRACT NUMBER 
F6256202P0634 

5b. GRANT NUMBER 

5c. PROGRAM ELEMENT NUMBER 

6. AUTHOR(S) 
Somsak Panyakeow 

5d. PROJECT NUMBER 

5e. TASK NUMBER 

5f. WORK UNIT NUMBER 

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 
Chulalongkorn University,Phya Thai Road,Bangkok 
10330,Thailand,TH,10330 

8. PERFORMING ORGANIZATION
REPORT NUMBER 

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 
The US Resarch Labolatory, AOARD/AFOSR, Unit 45002, APO, AP, 
96337-5002 

10. SPONSOR/MONITOR’S ACRONYM(S) 
AOARD/AFOSR 

11. SPONSOR/MONITOR’S REPORT 
NUMBER(S) 
AOARD-024047 

12. DISTRIBUTION/AVAILABILITY STATEMENT 
Approved for public release; distribution unlimited 

13. SUPPLEMENTARY NOTES 

14. ABSTRACT 
Self-assembled quantum dots by MBE (Molecular Beam Epitaxy) are examined as a structure of solar cells
and other novel nanoelectronic devices. Zero-dimensionality of quantum dot gives rise to certain unique
properties: charge storage and single-electron transport due to Coulomb blockade. The devices have low
energy consumption and high speed operation due to quantized states inherent in quantum dot structure.
Basic research on self-assembled quantum dots is detailed to understand the growth mechanisms and the
electrical properties of the quantum dots so as to realize practical engineering applications like quantum
dot solar cells, quantum dot lasers and single electron devices for quantum computing. The uniqueness of
quantum dot solar cells is the possibility that they possess charge storage function, in addition to their
electricity generating capability. Multi-stack with well controlled dot size is the key approach to be adopted
throughout the research. Self-assembled quantum dots are very practical in engineering point of view.
Another basic research would be the ordering of self-assembled quantum dots, which is an important
requirement for many nanoelectronic devices. 

15. SUBJECT TERMS 
Nanotechnology, Power 

16. SECURITY CLASSIFICATION OF: 17. LIMITATION OF 
ABSTRACT 

18. NUMBER
OF PAGES 

4 

19a. NAME OF
RESPONSIBLE PERSON 

a. REPORT 
unclassified 

b. ABSTRACT 
unclassified 

c. THIS PAGE 
unclassified 



thick Au film was evaporated on to the surface through an
E-shaped mask.  The Au Schottky contact was used to
realize the Schottky diodes with embedded InAs QDs.
Finally, the samples were cleaved to reduce leakage
currents along the edges.  The surface area of each device
is about 2×3 mm2.

The current-voltage characteristics, observed in the
dark and under the arc-lamp light source from a solar
simulator, were carried out using the HP4140B pA meter.
The constant AM1 light was calibrated from a standard
reference Si solar cell.  All I-V curves were confirmed by
the results from a curve tracer.

To observe the contribution of SA-QDs in
photovoltaic effects, photocurrent response at 1.1 µm
wavelength were measured by filtered light source on SA-
QD samples with different number of QD stacks.

3. RESULTS AND DISCUSSIONS

Fig. 2 shows 1×1 µm2 AFM image of 1.8 ML
InAs/GaAs SA-QDs grown by 0.01 ML/s growth rate on
the surface.  Cross-sectional analysis by the AFM
indicates that the typical height and diameter of QDs are
10 nm and 60 nm, respectively.  The dot density is in the
order of 6×109 cm-2. Fig. 3 shows the room-temperature
PL spectrum having the peak at around 1.17
µm.  PL linewidth (38 meV) agrees well with QD height
distribution obtained from AFM analysis.

SA-QD Schottky samples with different number of
QD stacks were characterized at dark and illuminated
conditions for their I-V curves as shown in Fig. 4.  I-V

Fig. 2  1×1 µm2 AFM image of 1.8 ML InAs/GaAs
SA-QDs grown at 0.01 ML/s

Fig. 3  PL spectrum of InAs/GaAs SA-QDs
embedded in GaAs at RT

curves in the dark show typical rectifying contact of
Schottky diodes.   With AM1 illumination at 100-mW/cm2

intensity,  the photovoltaic effect from the devices were
observed in the fourth quadrant.  Larger photocurrent could
be expected and confirmed when the number of QD stacks
is increased.  The sample with 5 QD stacks shows typical
results, Voc = 0.6 V, Jsc = 9.54 mA/cm2 and F.F. = 0.59,
leading to a few percent efficiency for this non-optimized
Schottky solar cell.

The spectrum response of these multi-stacked QD
samples were measured by using chopped-beam tungsten-
halogen lamp with an appropriate cut-off filter (IR 69)
through a monochromator and a lock-in amplifier
measuring system.  The results are shown in Fig. 5,
focusing at around 1.1-µm wavelength spectra originating
from the existence of the QDs.

To confirm the long-wavelength response feature of
QD samples at the specific wavelength of 1.1 µm,
photocurrent measurements were carried out by using a
tungsten-halogen lamp with a band-pass filter (1.1 µm)
and a pA meter.  The correlation between intensity
dependence of photocurrents at 1.1 µm and the number of
stacks is plotted in Fig. 6.  The inset in Fig. 6 shows the
spectrum  of  filtered light  source having peak at 1.12 µm.
This filtered source has narrow spectrum (~40 nm) leading
to low light power (only 1-2 mW/cm2) comparing to that
of AM1 solar simulator.  The spectral peak of filtered
source is at 1.12 µm which has some mismatch to 1.17 µm
of PL peak.  These two experimental conditions lead to
smaller photocurrents than expected from the QD samples.
However, the experimental results clearly indicate that
larger number of QD stacks gives higher photocurrent and
bulk sample without QD stacks gives no photocurrent

Fig. 4  I-V curves at dark and illuminated conditions
of QD samples.

Fig. 5  Spectral response at around 1.1-µm
wavelength of QD samples



Fig. 6  Photocurrents from multi-stacked QD
Schottky samples at 1.1-µm wavelength comparing
to bulk samples.

response at this specific long wavelength.  It is noticable
that there is a trend of photocurrent saturation at larger
number of QD stacks in these Schottky QD devices.  The
total thickness of 5 stacks InAs SA-QD structure including
GaAs barriers (100 nm each) is about 5×100 nm or 0.5 µ
m.  This saturation phenomenon is due to the nature of the
Schottky structure whose junction is considered to be very
shallow or zero-junction.  Consequently, not all the QD
stacks contribute to photovoltaic effect, and this limits the
device performance if the Schottky structure is used.

The effectiveness of QD multi-stacked structure would
be more pronounced in a p-n junction device where space-
charge region could be controlled and designed to cover
all the QD stacks so that all QDs could contribute to the
photovoltaic effects.  Further investigation on the QD
structure under the internal field of p-n junction will be
carried on in order to clarify this result.  However, the
Schottky structure in the present study gives us a basic
understanding of QDs functioning in photovoltaic device.

4. CONCLUSION

The multi-stacked QD Schottky devices with various
QD stack numbers were fabricated by MBE and tested for
the investigation of their photovoltaic characteristics.
Large QDs at a slow growth rate of 0.01 ML/s was chosen
for the whole experiment.  The dot size and the dot density
were identified by AFM image.  The room-temperature
photoluminescence results clearly reveal the quality and
uniformity of the dots having quantized energy nature.
Dark and illuminated I-V curves were measured on all QD
samples.  Multi-stacked QD structure gives more
photocurrent due to thicker active layers of the device.
Response of QDs to long wavelength particularly at 1.1
µm was confirmed by spectrum response measurement.
Photocurrents at the specific wavelength of 1.1 µm were
measured on all QD samples with different stack numbers.
Larger number of QD stacks gives higher photocurrent but
the photocurrent becomes saturated at large stack numbers
due to the shallow junction of Schottky devices.
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